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Use of Gnotobiotic Pigs for Research on Enteritis Associated with Escherichia coli
Weaning in the young pig is often followed by a gastroenteritis, which in turn is frequently associated with isolation from the intestinal tract of large numbers of certain serotypes of Escherichia coli. Kenworthy & Allen (1966) showed that in pigs which were clinically normal and in which no abnormal coliform proliferation could be demonstrated, a malabsorption syndrome occurred after weaning. They suggested that E. coli was not the primary agent in post-weaning diarrhoea, and were stimulated to examine intestinal mucosal morphology. It was found that in the 6-day-old sucking pig, villi were long and fingerform, but within a remarkably short space of time (from about 10 days of age onwards) fusion occurred, giving rise to leaf shapes and other stunted forms. Histologically these distortions were associated with round cell infiltration into the lamina propria and the epithelium became cuboidal. Significantly they occurred at a time when the young pig was being introduced to solid food for the first time, either deliberately in the form of a creep feed or by the piglet's own instinctive desires which lead it to experiment with the feed of its dam. Thus the introduction of a new solid diet to the young pig was associated in time with two interesting reactions in its intestine. At about 10 days of age distortion of villous architecture began, and at weaning there was a non-clinical, or clinical malabsorption.
Five main questions were therefore posed. Were the observed changes merely functions of age as suggested by Vodovar (1964) ? Did the nature of the diet (solid or liquid) influence mucosal morphology and, a natural extension from this, did weaning exacerbate the changes? Further, how were the changes mediated and what was their significance in terms of the functional efficiency of the affected gut ?
The problem is thus extremely complex biologically; it is further complicated by three other factors which occur almost simultaneously when the piglet is about 10-14 days old. Probably the most significant of these depends upon the fact that there is no transplacental transfer of bacterial antibody in the pig; the young piglet is therefore dependent upon colostrum for survival. However, the situation is made even more delicate in that the level of total colostral antibody progressively declines from birth, reaching a minimum at about 10-15 days, whereas synthesis of active antibody does not begin until about 12-14 days. The two other factors to consider are the instinctive rooting habits of the pig, and the inherent curiosity of the young piglet. Both of these characteristics begin to develop at about 10 days and lead to a measure of coprophagia. This alters the dietary substrate and maintains an almost fecal type flora in contact with the mucosa of the small intestine at about the time when local and circulating antibodies are minimal. Thus in conventional animals there is a constant, progressively increasing acquirement of a potentially deleterious material in the gut over which the experimenter has little control, at a time when its effect is likely to be the most profound; further, all these events occur over the same period of time as do the progressive alterations in mucosal morphology already described. By the time weaning is introduced chronic inflammatory changes have occurred in the mucosa which are so extensive as to render assessment of further induced reaction impossible by any morphological and biochemical techniques which have been used in my laboratory to date.
The germ-free animal or gnotobiote seemed to offer the only experimental model by which the questions posed above could be answered. Animals could be reared to any age of interest; they could be provided with liquid or solid diets, infected at will to specific requirements, and their movements and activities controlled by appropriate design of the isolator system. This paper describes a comparative investigation undertaken to answer the first question posed: Are changes in intestinal morphology merely functions of age? It is set out in experimental format to give a factual example of the way in which the germ-free technique was used to provide a simple and unequivocal solution which could not have been obtained in any other way. An attempt is also made to show how use of the germ-free animal has provided facilities for investigations into other problems associated with the physiology and function of the intestine. Finally, it is hoped that this brief contribution will serve to emphasize the part that the germ-free animal has played in showing that intestinal microbes are an integral part of what we have come to understand as 'normal' intestinal physiology.
Materials and Methods
Animals: Pigs of the Large White breed have been classified into three groups: Germ-free, suckling and weaned. The methods used for deriving, rearing and microbiological screening of gnotobiotic pigs have been described (Hill & Kenworthy 1969 , Kenworthy 1970 .
All pigs were killed at 30 days of age by intracardiac injection of phenobarbitone. The diet for the germ-free animals was a reconstituted milk prepared from whole cows' milk (Kenworthy 1970) . That supplied to the weaned animals was a commercially available early-weaning pig meal. Weaning was abrupt in that transition from sucking the sow to eating solid food was made without any preliminary introduction to the new diet, and was carried out at 21 days.
The intestine was removed immediately after death, and after taking segments for electron microscopy, the remainder was first irrigated with, and then totally immersed in 10% buffered formal saline. For electron microscopy the primary fixative was 1 % osmium textroxide in 0-1 mol/l phosphate buffer, pH 7*4. Optical microscopy: Studies with the optical microscope have been carried out at three magnifications: x 20 and x 80 and x 320. For examin- ations at the lower power, the intestine was slit along a line of its peritoneal attachment, and the villi carefully washed using normal saline and a camel hair brush. After washing, the tissue was passed through a bath of normal saline and scanned continuously throughout the entire length. Photographs were taken at 2-foot (60 cm) intervals from duodenum to ileum, using a Projectina microscope, a plate camera and incident illumination with a quartz iodine lamp.
For histological examination three blocks of fixed tissue were taken from each of duodenum, jejunum and ileum. These were processed by standard histological techniques, and five serial 5,m sections cut from each block. Staining was by haematoxylin and eosin. Electron microscopy: Tissue was first fixed in 1 % osmium tetroxide in 0 1 mol/l phosphate buffer at pH 7-4 for 90 minutes, and following standard dehydration procedures was finally embedded in Araldite. Sections were cut on a Serval Porter Blum MT2 ultramicrotome, stained with 1 % uranyl acetate for 30 minutes, washed in distilled water, and then stained for a further 3 minutes in lead citrate (Reynolds 1963) . They were then examined in a JEM7 electron microscope.
Results
Group 1, germ-free pigs: These animals can be regarded as the optimum against which to compare the remainder. The most striking feature (Figs 1 and 2) is the uniformity of all structures examined. The villi are long, slender and fingershaped from duodenum to ileum; no stunting, fusion or clubbing can be seen. Undischarged goblet cells are present to the tips of the villi in both jejunum and ileum. Epithelial cells (Fig 3) are elongated columnar with basally situated nuclei; microvilli are so uniform in length as to seem artificially trimmed. This appearance is largely conveyed by lack of distortion in the cell membrane of which they form part. Mitochondria are very long and their membranes well defined. There are very few free ribosomal particles, and there is little rough-surfaced endoplasmic reticulum; smooth endoplasmic reticulum, however, is plentiful. The lamina propria consists of a sparse stroma, the cellular elements of which are primitive 'blast' cells, or very early fibroblasts. There are some small mononuclear cells of the lymphocyte series but these are very few in number. Eosinophils are relatively numerous. Group 2, suckling pigs: The form of the villi in suckling pigs 30 days old shows great variation between areas of intestine within one animal, and also between different animals. Villi in the duodenum generally show stunting and fusion.
There may be many long slender villi in some 26 parts of the jejunum; these are mainly located in the troughs between the plicc. In other areas of the jejunum villi are short and stub-like or show fusions, and they are noticeably lacking in goblet cells. Villous form in the ileal region is generally similar to that of weaned pigs. Epithelial cells in the duodenum and jejunum retain their columnar shape but in the ileum they tend to be cuboidal.
The lamina propria of the villous core comprises fibroblasts in varying stages of development, and although round cell infiltration into the cores may be variable it is generally noticeably more profuse than in the germ-free animal. It is most marked in the duodenum and ileum, and in these areas extensive infiltration between the epithelial cells may occur. Group 3, weaned pigs: The structures referred to by Vodovar (1964) are very apparent at x 15 magnification (Fig 4) . Conical, cylindrical, lamellar and other shapes which defy description can be seen. Villi appear to be joined into groups of two or more, and the points at which fusion takes place is very variable. It appears that circumscribed areas of villi fuse where they touch each other (Fig 5) , the latter occurring by chance. The method of fusion appears to start with adhesion of apposed microvilli to each other (Fig 6) , this presumably being due to lack of mobility. Fusion is extensive in all areas of the gut, but the duodenum and ileum are more affected than the jejunum.
Epithelial cells in the duodenum and jejunum are columnar but foreshortened compared with those in the germ-free animal, and the nucleus tends to be more centrally placed. In the ileum the epithelial cells are cuboidal. There are very few goblet cells on the upper thirds of the villi.
Heavy infiltration of the villous core with small lymphoid cells and macrophages occurs, and infiltration of the former between epithelial cells is common.
Discussion
It is evident from these studies that villous morphology in the young piglet is not a direct function of age. Taken in conjunction with results from further work already described (Kenworthy & Allen 1966) in which gnotobiotic pigs were maintained on a solid diet, the inference also is that in the absence of microbes the physical nature of the diet is not an important factor in moulding villous architecture. Since morphological changes occur in suckling animals, but are not so marked as in animals which are weaned, we conclude that the most important determinants of mucosal morphology are intestinal microbes and the digesta which these use as a substrate.
With regard to the means by which mucosal changes are mediated, Kenworthy (1970) has described the sequential response of the germ-free intestine to challenge by a pathogenic serotype of E. coli. An acute exudative reaction occurred in the lamina propria, and it was suggested that this was primarily responsible for distortion of villous morphology, possibly contributing also to intervillous fusion. These sequential observations on the reaction of the lamina propria and comparisons betweenthe lamina of germ-free and conventional animals have also been extremely exciting because of their potential for further work. The lamina propria has been referred to as the 'orphan of the gut' (Brandborg 1969) because of its neglect by students of the morphology and function of the intestinal tract, and except in the most vague terms the functions of many of its cells are unknown. Observations of early cell forms in almost pure culture in the lamina propria of germ-free pigs, together with the marked cellular responses which are induced by microorganisms, present possibilities for assessing the cellular response of the lamina to various antigens. Studies can also be undertaken which might shed some light on the role of the lamina in maintaining the integrity of the epithelium. Two outstanding questions remain unanswered here. The first of these posed was whether weaning exacerbated morphological change. This is not a point whichi the germ-free animal can solve for many obvious reasons and therefore beyond this brief mention it does not merit further discussion here. The second unanswered question is that of the significance of morphology in relation to function. This question can only be answered by use of the germ-free animal; we have made some preliminary investigations but results are inconclusive. Pigs vary enormously from animal to animal in many parameters and it may be that our techniques are not yet sufficiently refined to show reproducible differences between conventional and germ-free.
